Objective: To quantify the relationship between fruit and vegetable consumption and the incidence of ischaemic heart disease. Design: A meta-analysis of cohort studies of the relationship between ischaemic heart disease and markers of fruit and vegetable consumption, namely dietary intake of fruit, vegetables, carotenoids, vitamin C, fruit ®bre and vegetable ®bre, and serum concentration of carotenoids and vitamin C, adjusted for other risk factors. Main outcome measures: Risk of ischaemic heart disease at the 90th centile of consumption relative to that at the 10th, equivalent to about a four-fold difference in fruit consumption and a doubling of vegetable consumption.
Introduction
Eating fruit and vegetables is known to be associated with a reduced risk of ischaemic heart disease, but the size of the relationship is uncertain. There are two main reasons for this uncertainty. The studies have tended to relate risk to speci®c nutrients rather than speci®c foods, and different studies have reported the association in different waysÐ as risk in each third, fourth or ®fth of the cohort relative to the lowest (with the actual fruit and vegetable consumption in each subgroup often not reported), or sometimes as the average consumption in those who developed heart disease and in those who did not. No simple consistent quantitative estimate of the relationship is available, so that reviews could do little more than grade each study as`positive' or`negative', leaving the size of the association and the degree of consistency between studies uncertain.
In this paper we report a quantitative analysis of the epidemiological data on fruit and vegetables and heart disease. We have tried to overcome the two reasons for uncertainty, by using certain nutrients in fruit and vegetables as markers of their consumption, and by expressing the association in each study in a standard way: the relative risk between the 10th and 90th centiles of consumption in a population, as used previously (Wald et al, 1994) . As a secondary objective we also examine which nutrients in fruit and vegetables may confer the protective effect.
Methods
We identi®ed cohort studies that determined the incidence of, or mortality from, ischaemic heart disease according to dietary consumption of fruit and vegetables (or marker nutrients) (Table 1) . We used two electronic databases, Medline (from 1965 onwards) and the Science Citation Index (1981 onwards) . We used the MeSH terms fruit, vegetables, carotene, vitamin C, vitamin E, food habits, nutrition surveys, diet surveys and diet records, and for ischaemic heart disease we used the terms coronary disease, myocardial ischaemic and myocardial infarction. We also examined review articles Ness et al, 1996) and the citations in the studies themselves. We did not analyse data from case control studies in which diet was measured after the clinical onset of ischaemic heart disease because such studies are prone to recall bias or to a change in diet in response to illness. We excluded from the main analysis small cohort studies (recording less than 50 ischaemic heart disease events) reporting on single nutrients because of possible publication bias amongst such studies and the fact that they might unreasonably introduce heterogeneity into the analysis. The numbers of events from the larger cohort studies that were included was generally above 1500 for each nutrient, large enough for the estimate of the association to be robust. However we included the small studies in a subsidiary analysis.
From the published studies we extracted data on various markers of fruit and vegetable consumption. Direct estimates of the quantity of fruit and vegetables consumed were generally not reported. Nutrients for which the proportion of total dietary intake that came from fruit and vegetables was suf®ciently high for them to be useful measures of overall fruit and vegetable consumption were judged to be beta-carotene and other carotenoids, vitamin C, fruit and vegetable ®bre (but not total dietary ®bre) and potassium. Data on three other markers were examined separately but were judged insuf®ciently speci®c to fruit and vegetables. These were¯avonoids (because of their content in red wine and tea), folate (because comparatively large amounts may be added to breakfast cereals), and vitamin E. The studies all used a measure of usual dietary intake (Table 1) , although we did not speci®cally exclude studies using 24 h recall. In most studies few subjects had taken vitamin supplements; studies in which this was more prevalent presented separate estimates of the association of total and of dietary consumption of the vitamins with ischaemic heart disease, and we performed separate analyses of total and dietary consumption.
The studies reported the association between nutrient intake and heart disease in different ways: mostly as risk in various subgroups of the cohort relative to that in one subgroup, sometimes as the average consumption in those who experienced an ischaemic heart disease event and in the remaining subjects who did not (or a sample of the remaining subjects with a`nested case control' design). The average dietary consumption of the nutrients in subgroups, or the size of the standard deviation, was often not reported. An indirect approach was necessary to quantify the associations in a standard way. Firstly we calculated the standardised regression coef®cient Ð the relative risk (in logarithms) for a change in nutrient consumption of one standard deviation. The difference in nutrient consumption between cases and controls, when reported, was an estimate of this. When risk was reported in subgroups we took the distribution of the dietary consumption of the nutrients to be log-normal, and expressed the median consumption in each of the subgroups in terms of standard deviations from the mean in the study (thus for a cohort divided into ®fths the median consumptions were 71.28, 70.84, 0, 0.84 and 1.28 standard deviations from the mean). For each nutrient in each cohort study we carried out a linear regression analysis of relative risk in each group (in logarithms, weighted by the inverse of the square of its standard error) on consumption, so estimating the standardised regression coef®cient. To express this in a clear way we multiplied it by 2.56 and exponentiated this (that is, took the antilogarithm). This was an estimate of the relative risk of ischaemic heart disease in individuals at the 90th centile of consumption of the nutrient to the risk in individuals at the 10th centile (the RR 10±90 ).
We identi®ed and analysed cohort studies of the serum or plasma concentration of marker nutrients and risk of ischaemic heart disease (Table 2) from the same search and analysed the data in the same way. To obtain combined estimates of association from a group of cohort studies a weighted average of the individual regression coef®cients was not appropriate because the number of subgroups varied and a regression line ®tted to three points will tend to have a smaller standard error than one ®tted to four or Non-fatal myocardial infarction and c coronary artery bypass grafting and angioplasty also recorded; other studies recorded only ischaemic heart disease deaths.
Fruit and vegetable consumption MR Law and JK Morris ®ve points. Instead, a single regression line, weighted by the inverse of variance, was ®tted to the estimates from all the subgroups in all the studies collectively, each subgroup being represented as the number of standard deviations by which consumption exceeded that in the lowest group in the study, and the risk of heart disease relative to that in the lowest group. Again the result was expressed as the overall RR 10±90 .
We measured the degree of heterogeneity between studies by performing a second regression analysis that included dummy variables' to identify each individual study; the analysis thereby allowed separate regression lines for individual studies. The ratio of residual sum of squares from the two regression analyses (a measure of the proportion of the variance explained by each) was tested using an F statistic, which yielded a probability (P) value that the inclusion of the separate regression lines resulted in a better ®t to the data than a single regression line for all studies.
Results
The association between ischaemic heart disease and markers of fruit and vegetable consumption Table 1 summarises the design of the 11 cohort studies of diet, and Table 2 those of serum concentrations. Table 3 summarises the results from the diet studies, all expressed as the relative risk of heart disease at the 90th centile of consumption to that at the 10th (the RR 10±90 ). The RR 10±90 estimates for all six dietary marker were similar, lying between 0.81 and 0.88 with a median estimate of 0.85, indicating a 15% lower risk at the 90th centile of consumption that at the 10th. While the six markers of fruit and vegetable consumption are correlated with each other the regression analyses were done independently for each nutrient and not adjusted for these correlations, so each nutrient will serve as a separate marker for the risk of ischaemic heart disease associated with fruit and vegetable consumption in general.
For some of the markers there was statistically signi®-cant heterogeneity between the estimates from different studies (Table 3) , partly re¯ecting differences between studies in the magnitude of the standard deviation and probably also in the age of the subjects (Table 1) . In a subsidiary analysis that included persons taking beta-carotene or vitamin C tablets the results were virtually identical to those for diet alone shown in Table 3 . The inclusion of small cohort studies (`50 ischaemic heart disease events) reporting on single nutrients scarcely altered the estimates of the association; these studies were Morris et al (1977) on fruit and vegetable ®bre and Gaziano et al (1995) on carotenoids. A third small cohort study reported no statistically signi®cant association between dietary vitamin C and ischaemic heart disease but reported no quantitative data (Lapidus et al, 1986) . For one study the result could not be expressed as the RR 10±90 : analysis of data from a Japanese cohort study of 265 000 adults of Hirayama (1986) yielded an estimate of 0.93 (95% con®dence interval of 0.84±1.03) for the relative risk of death from ischaemic heart disease in people who ate green and yellow vegetables daily compared to those with less frequent consumption, adjusted for smoking, meat consumption and alcohol.
One study reported on dietary potassium (Khaw & Barrett-Connor, 1987) ; the estimated relative risk, related to a British estimate of the difference between the 10th and 90th centile of potassium consumption (Gregory et al, 1990) , was 0.75, but the 95% con®dence interval (0.52± 2.00) was too wide to be informative. The US Nurses Health Study (Rimm et al, 1998) showed a strong association between folate consumption and ischaemic heart disease (risk at the 90th relative to the 10th centile was 0.71 (95% con®dence interval 0.63±0.81; P`0.001)). However confounding appeared a potentially serious problem. In 70% of those in the highest two ®fths of folate consumption, the high consumption was due to taking vitamin tablets, and a`diet alone' analysis was not reported. People who choose to take vitamins are likely to be at lower risk of heart disease because of more favourable dietary and other behavioural risk factors (for example a lower prevalence of smoking, a higher prevalence of exercise, lower dietary saturated fat), and it may have been dif®cult to adequately identify, measure and statistically adjust for these factors. Table 4 shows the results of the serum studies. Three reported on the association between serum concentration of carotenoids and ischaemic heart disease. The combined RR 10±90 is 0.57 (95% con®dence interval 0.47±0.69) but the results were not adjusted for confounding factors. In the two studies of serum concentration of vitamin C the combined RR 10±90 was 0.93, and the one study of leucocyte vitamin C showed a similar association. There was one study of serum folate and ischaemic heart disease (Morrison et al, 1996) ; the RR 10±90 was 0.70 but the 95% con®dence interval (0.17±2.94) was too wide for the estimate to be quantitatively informative. Overall the serum study results are sparse but consistent with those from the dietary studies.
Discussion

Protective effect of fruit and vegetables
The association of a 15% lower risk of ischaemic heart disease at the 90th than 10th centile is equivalent to a Fruit and vegetable consumption MR Law and JK Morris reduction in ischaemic heart disease mortality in a population of about 10% if everybody below the 90th centile increased their consumption to that at the 90th centile. The increase in consumption from the 10th to the 90th centile (2.56 s.d.) is equivalent to about a four-fold increase in fruit consumption and a doubling of vegetable consumption (Zino et al, 1997) . It is a realistic increase in motivated people since it was attained in a randomised controlled trial (Zino et al, 1997) ; the subjects were asked to increase their fruit and vegetable consumption to eight servings per day. The association is not attributable to confounding from other ischaemic heart disease risk factors because most of e Adjusted for ischaemic heart disease risk factors generally including smoking, hypertension or blood pressure and body mass index, and for total energy consumption.
f Also adjusted for serum cholesterol. 
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the studies adjusted for confounding factors. The analyses were adjusted for smoking and the associations with ischaemic heart disease were no weaker in studies that adjusted for serum cholesterol (Table 3) . It might be expected that eating more fruit and vegetables would necessitate eating less animal fat on average, but in the randomised trial the plasma concentrations of low density lipoprotein (LDL) cholesterol and triglyceride (markers of animal fat consumption) did not change after quadrupling fruit consumption and doubling vegetable consumption (Zino et al, 1997) . Observational studies might underestimate the association between fruit and vegetable consumption and ischaemic heart disease, since they underestimated the association of dietary saturated fat with serum cholesterol and with ischaemic heart disease (Jacobs et al, 1979) . This was because of measurement error of animal fat consumption; the error was large in comparison to the true variation between individuals in animal fat consumption. Measurement error occurred because many foods contain saturated fat, much of it`hidden', and the fat content of individual portions of meat may vary considerably from the average values listed in tables. The problem is likely to be less with fruit and vegetable consumption as it is easier to quantify and the nutrient content of speci®c foods is more constant.
The serum studies (Table 4) are potentially more objective since they are not subject to the errors in measuring diet. Few such studies are available however. For vitamin C the association in the serum studies is not statistically signi®cant, but it is consistent with the relatively weak association shown by the dietary studies (relative risk 0.88 ÐTable 3). For carotenoids the serum studies indicate a stronger association than do the dietary studies. However in two of the three available studies the results were not adjusted for confounding factors and the blood concentration of carotenoids is strongly associated with cigarette smoking, even after allowing for dietary differences between smokers and non-smokers (Margetts & Jackson, 1996; Fukao et al, 1996) . The third study recorded only categories of smokers and non-smokers (unlike most of the dietary studies, more accurate quanti®cation is desirable to adjust for a strong confounding effect), and in any case the con®dence interval on the result of the third study was wide. The serum carotenoid studies are therefore less informative than the dietary studies.
Which constituents of fruit and vegetables may be protective?
Antioxidants. For many years antioxidants were proposed as the components in fruit and vegetables that are protective against heart disease. The cohort studies, however, provided no evidence to support this view. The association with carotenoids and vitamin C is modest and no greater than that for other markers of fruit and vegetable consumption (Table 3) ; there is no justi®cation to invoke them as directly protective. The cohort studies on vitamin E are shown in Table 5 . Those on dietary vitamin E show a statistically signi®cant association (RR 10±90 was 0.88 for diet and vitamin supplements combined, or 0.85 for diet alone), but this association could readily be explained by confounding by other dietary factors. The serum studies on vitamin E show no association.
Experimental evidence indicates that the protective effect of fruit and vegetables is not due to beta-carotene or vitamin E. The randomised trials of beta-carotene and alpha-tocopherol (vitamin E) supplementation and ischaemic heart disease are summarised in Table 6 . Beta-carotene supplementation did not reduce risk: the combined estimate of relative risk in treated compared to placebo subjects was 1.07 (95% con®dence interval 0.98±1.16): the lower con®dence interval excludes more than a 2% reduction in risk. There was no suggestion of heterogeneity between the estimates from different trials (P b 0.2). Alpha-tocopherol supplementation did not reduce mortality from ischaemic heart disease; the combined relative risk estimate was 0.96 (95% con®dence interval 0.86± 1.06), with no heterogeneity between the mortality estimates (P b 0.2). In one trial the incidence of non-fatal myocardial infarction was substantially lower in treated than placebo patients (14 vs 41; relative risk 0.32); it is dif®cult to reconcile this result with the data on non-fatal infarcts in the other trial (96 vs 94) or with the mortality data. The doses of carotene and vitamin E used in the trials were at least six times greater than the average (Gregory et al, 1990) and three times greater than the variation in dietary consumption between individuals. The trials therefore exclude more than a trivial reduction in the risk of death from ischaemic heart disease caused directly by increased dietary consumption of beta-carotene or vitamin E notwithstanding the decrease in non-fatal myocardial infarction in one trial of vitamin E.
Potassium and folate. Potassium can explain a protective effect of fruit and vegetables. From the association between potassium and blood pressure observed in the Intersalt study (Dyer et al, 1994) , which is supported by a metaanalysis of 32 randomised trials of potassium supplementation and blood pressure by Whelton et al (1997) , the difference in dietary potassium between the 10th and 90th centile of about 75 mmol/l/24 h (Gregory et al, 1990) corresponds to a difference in diastolic blood pressure of about 3 mmHg (at an average age of 40 years, the difference would increase with age). From the association between diastolic blood pressure and ischaemic heart disease in cohort studies (MacMahon et al, 1990) , this corresponds to a difference in ischaemic heart disease mortality of 13%. This is likely to be largely independent of the statistical adjustment for ischaemic heart disease risk factors in the cohort studies of fruit and vegetables, because blood pressure was usually represented in the studies only as a diagnosis of hypertension, not as a continuous variable. Randomised trials show that folic acid supplementation reduces plasma homocysteine and cohort and case control studies and other evidence show that homocysteine is directly associated with the risk of ischaemic heart disease (Wald et al, 1998) . In contrast to the antioxidant vitamins there is much evidence indicating that this association is likely to be one of cause and effect (Wald et al, 1998) . High doses of folic acid are necessary to convey reasonable protection however. The variation in daily folate consumption across the British population (10th±90th centile) is about 100 mg (Gregory et al, 1990) ; 100 mg folic acid/d as a supplement reduced plasma homocysteine by about 0.85 m mol/l (Ward et al, 1997) , which is associated with only about a 5% difference in risk of ischaemic heart disease (Wald et al, 1998) . The true reduction may be even lower because natural food folate increases folate status less effectively than folic acid supplements (Cuskelly et al, 1996) .
Other constituents. Fruit and vegetable ®bre might convey direct protection against ischaemic heart disease. There was a statistically signi®cant association in the cohort studies after adjustment for smoking and other components of diet (Table  3) , but this association must at least partly be attributable to other nutrients in fruit and vegetables. Other claims for protective effects of speci®c nutrients in fruit and vegetables are more speculative. Phyto-oestrogens are an example: oestrogens may reduce risk in postmenopausal women, but do not do so in men (Coronary Drug Project Research Group, 1993) . The combined effect of potassium, folate and possibly ®bre in fruit and vegetables together appears suf®cient to account for the estimated 15% difference in heart disease risk between the 10th and 90th centile of consumption. Other nutrients may contribute to the protective effect but it is not necessary to invoke them.
Conclusions
The cohort studies indicate an important albeit modest protective effect of fruit and vegetable consumption. An Table 6 Randomised controlled trials of beta-carotene or alpha-tocopherol (vitamin E) supplementation and ischaemic heart disease Greenberg et al (1996) . Beta-Carotene and Retinol Ef®cacy Trial Ð Omenn et al (1996) . e Cambridge Heart Antioxidant Study Ð Stephens et al (1996) .
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MR Law and JK Morris increase in fruit and vegetable consumption from the 10th to the 90th centile, equivalent to about a four fold increase in fruit consumption and a doubling of vegetable consumption, is associated with a decrease in risk of heart disease of about 15%. This is commensurate with the estimate of the protective effects of the potassium and folate in fruit and vegetables.
